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ABSTRACT Antisense uligodeoxyribonucleotides tar- 
geted to the epidermal growth factor (EGF) receptor were 
encapsulated into liposomes linked tu folate via a polyethylene 
glycol spacer (tolate-PEG-liposomes) and efficiently deliv- 
ered into cultured KM cells via folate receptor-mediated 
tndocytosis. The oligonucleotides were a phosphodiester 15- 
mer antisense to the EGF receptor (EGFK) gene stop codon 
(AEGFR2), the same sequence with three phosphorothiouic 
linkages at each terminus (AEGFR2S), a randomized 15-mer 
control of similar base composition to AEGFR2 (RC15), a 
14-mer control derived from a symmetrized Escherichia coli 
lac operator ( LAC M J, and the 5'-fluorescein-labeled homologs 
of several of the above. Cellular uptake of AEGFR2 encapsu- 
lated in folate-PEG-liposomes was nine times higher than 
AEGFR2 encapsulated in nontargeted liposomes and 16 times 
higher than unencapsulated AEGFR2, Treatment of KB cells 
with AEGFK2 in folate-PEG-liposomes resulted in growth 
inhibition and significant morphological changes. Curiously, 
AEGFK2 and AEGFK2S encapsulated in folate-FEG- 
liposomes exhibited virtually identical growth inhibitory ef- 
fects, reducing KB cell proliferation by >90% 48 hr after the 
cells were treated for 4 hr with 3 fxM oligonucleotide. Free 
AKGFR2 caused almost no growth inhibition, whereas free 
AEGFR2S was only one-fifth as potent as the Male-PEC- 
liposoine-encapsulated oligonucleotide. Growth inhibition of 
the oligonucleotide-treated cells was probably due to reduced 
EGFK expression because indirect immunofluorescence stain- 
ing of the cells with a monoclonal antibody against the EGFK 
showed an almost quantitative reduction of the EGFR in cells 
treated with folate-PEG-ltposome-entrapped AEGFK2. 
These results suggest that antisense oligonucleotide encapsu- 
lation in folate-PEG-liposomes promise efficient and tumor- 
specific delivery and that pliosphorothioate oligonucleotides 
appear to offer no major advantage over native phosphodi- 
csler UNA when delivered by this route. 



Antisense oligodeoxyribonucleotides have shown great etti- 
eaey in the selective inhibition of gene expression {I -A). 
However, the therapeutic applications of such antisense oli- 
gonucleotides are currently limited by their low physiological 
stability, slow cellular uptake, and lack of tissue specificity The 
instability ubvacies have been largely oveiCume by u>x- o! 
backbone-modified oligonucleotides that are more resistant to 
nucleases. Methylphosphonates, protein-nucleic acid conju- 
gates, and phosphoroihioales all appear to resist enzymatic 
digestion better than the corresponding natural oligonucleo- 
tides 

Problems with cellular uptake of antisense oligonucleotides 
have been more diliicult to solve. Endogenous uptake path 
ways that rely on pmocslosis and related processes generally 
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have insufficient capacity to deliver the quantities ot anti>ense 
of oligonucleotides required to suppress gene expression (9). 
Hydrophobe modifications have also been undertaken to 
improve membrane permeability , but such denvati/ation strat- 
egics are most useful only lor short oligonucleotides (<))■ 
Although complexes ol antisense constructs with canonic 
liposomes fi'J, ii) and puiyivMiie (12 13) have significantly 
enhaiieed intracellular delivery, they have simultaneously in- 
troduced new disadvantages of their own. Thus, both methods 
exhibit some carrier cytotoxicity, and like other protocols, 
neither strategy allows for any tissue or cell targeting. In short, 
intracellular delivery and tissue specificity tern am major ob- 
stacles to the implementation ot antisense drugs in the treat- 
ment of human disorders. 

We have observed that the vtumm folic acid can be used to 
delivi r inaeromoleeules into the cytoplasm of cells expressing 
a folate receptor When folate is linked to a macromolecule via 
its -y-carbo.wlatc moiety, the affinity of iolate for its cell- 
surface receptor remains essentially unaltered {K a * 10" lJ M) 
(14-19). Importantly, iolate has already been exploited to 
nondestructive ly deliver antibodies, toxins, enzymes, small 
organic molecules, genes, and liposomes into receptor-bearing 
ceils i 14 - 1 1 ' i We report here that folate- Pf ; U liposomes can 
dehwr Miiiuient antisense against the growth factor receptor 
(tcil R) mtu Kh cells to eliminate hCKK expression, to alter 
eeli morphology (20), and to halt cell growth. Importantly, at 
similar concentrations, the tree antisense oligonucleotides 
exhibit little e fleet. 

M VTER1AES AND METHODS 

Materials. Kb cells were from the Purdue Cancer Center 
Other reagents and their suppliers were as lollows: folic acid, 
mou:e monoclonal antibody against the human FXJfR. and 
fhiore: cein labeled goat anti mouse IgG antiserum (Sigma), 
phospholipid (Avanti Polar Lipid-,); the bicinchonnnc and 
(B< A) protein assay kit and long chain alkylamme contiolled- 
po;e ghiss (Pit-ue), fluorescein phosplioramidite and '*//•!,: 
bea/:/dilhn;l Cone - 1 , 1 -dio\ide (Beaucage reagent! ( Phar- 
macia j, ji ■(■>-IAlT-2'-dv;OMlibi;niick:oMde ey. ls ioetll> Iphos 

Al-.'i Ai.ih.-'N At ■ ,iR~2 ivn-cr a:;i;seasc jiip uico\ y: iU-'inu U ■- C 
jl'jiii a tin-. si:.-p l.mIuii in the tiunun epidernul yMowin laeior reicpio: 
gei.e. At'.Cl iCs> \1 < 1 1 U2 hciiiny, iluec phi»plH>iwthiiMlc linkage., 
ai t_" ii e hi ternum^ DMT, dimelhoxyu Uyl. HOP, epidermal giowth 
latun, t'Xil-k, receptor, t luoreseem-Ai "Cl ; H2, AlJ('iFK2 ^ 

Ijbehd vviti. lliM.reseein: t luoi oeem- AtiCjl KJS, ALCil H2S S'- 
i\ wilt; iiiiortMCin; KC1>. Mi:domi/ed eonuol i'Vnier ot mihiI.ii 
t M ,c ..ompo'iiiun n. Al.:tjl K^ lAl'M, imilaJlt f-^ht/uhiu coli lm 
vi|!Lf t i[()£ 14 ui;giMHiC.le"luic 
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inikhtcv where I jM'I is dnncihuxy tntyl (Cruachem, 
llen'don, VAi; ,iini dnnctfnlammopyridine, acetic anhytirulc , 
1 rthyi-e ( 3-dimeth>Lnninopropyl)earbodumide, 5'-(>DM 1 - 
: di o\ '. r ibonucicosidc -3 ' V-succi nates, and 1 //-tetra/ole 
{ Akhich). The tetra/ole was red ystalhzed from acelointrile 
beiorc u>e Acctonitnlc and puidine (Fisher Scientific), ui- 
eOnumme ■ Bake i >. and L2 -dichloroethane (Mallmckrodl) 
ueie diMillcd lioin Call; betore use. 

Cell Culture. An attached monolayer of KB celts was 
continuous!) cultured at 37X m a humidified atmosphere 
containing 5 m "( CO: in tulate-free minimum essential medium/ 
H)'; heat-inactivated letal calf serum, which provided a level 
ol folate that is physiologic.il for human cells. Before each 
experiment, cells were transferred to 35-mm culture dishes at 
10 s cells per dish and grown in culture medium tor an 
additional 24 hr to -50' c confluence unless stated otherwise. 

Design of the Oligonucleotides. The AEGFR2 oligonucle- 
otide sequence, 5 ' -Cc GTGGTCATGCTCC - 3 ' , is comple- 
mentary to positions 381 1-3825 of the EGPR cDNA (21), 
whuh contains the opal translation termination codon at 
reMdues 3817-3819. Incorporation of three phosphoro^thioate 
i;iik.i M e. at eacli terminus Pave 

CATGCsTXsC 3 ). The" corresponding oligonucleotides 
beaimg a S'-lluorescetn phosphoramidite gave fluorescein 
ALGPR2 and t iuorescetn- AhGI : R2S. Two control oligorm 
cleotidts were used, a phosphodiester 14-mer based on a 
symmetrized E. coh lac operator with the sequence 5'- 
TGTGTGCG C ACACA-3 ' (LACM), and a randomized phos- 
phodiester 15-mer oligonucleotide with the sequence 5'- 
GCTGACGCACTGACT-3' (RC15). 

Synthesis of the Oligonucleotides. The 5'-0-DM1 
dco<yribonucieostde-3'-0-unked solid-phase supports were 
prepaid from long-chain alkylamine controlled-pore glass 
using l-ethyl-3-(3 dimethylaminopropyl)carbodiimide hydro- 
chloride and the appropriate 5'0-DMT-2'-dcoxyribonucIeo- 
side-3' O-suecinates (22) and packed into Pharmacia cassettes. 
All D!S A sequences were synthesized by the solid-phase 
ptiosphoramidite method (23) on a Pharmacia Gene Assem- 
bler s\nlhcsi/.er. with the phosphodiester oligonucleotides 
sMiihe'sized according to the manufacturer's protocols. The 
phosphorothioate linkages in AEGFR2S and fluorescent 
Af ; GFR2S were generated via sulfurization of the terminal 
VyU\) to Pi V) with the Beaucage reagent (24) in acetonitnle. 
The 5'-fluorescein-labelcd sequences were synthesized by us- 
ing the fluorescein phosphoramidite, yielding a 1:1 fluoresce- 
in/oligonucleotide stoichiometry. The finished sequences 
weie cleaved from the support and deprotected with concen- 
trated NIL OH at 60 C lor 14 hr. Each deprotection mixture 
was then enromatographed in reversed-phase mode on a 7 x 
30:- mm Hamilton PRP 1 column with a linear gradient of 3D 
mM (pH 7 2) triethylammonium acetate and acetonitrile The 
pooled irilylated fractions were lyophilized, detntylated in 
2i) : ;. acetic acid at 55 J C lor 1 nr, relyophilized, and then 
rechromatographed on the same column. The pooled DNA 
tr.K-nwts were lvopfuh/ed to drvness and then relyophihzed 
irum 2 ml -.)f 10 mM N d\ at pll 7.4. The samples were stored 
at -A C until use. 'I he I luoicseeindabeled oligonucleotides 
v.e.i-c chroiiiatugraphcd once, lyophilized to dryness, .md then 
lelvwphmzed from 2 ml of 10 mM NaP, at pll 7.4 and stored 
at 5°C until use. 

Encapsulation ofAiitisen.se Oligonucleotides in Liposome*, 
liposomes encapsulating the antisense oligonucleotides were 
pi.jpaied by the extrusion method (25). Briefly, 50 mg of egg 
phospiiatid)lchohnc .n:d ho mg of cholesterol (giving a molar 
ratio ol 3:2) were dissolved in 3 ml of chloroform. l or 
iolatc-targetcd liposomes, 5 mg (0.5 mol%) of folate -PLG-- 
djucaro>lphjsphalid\lethanolaminc, synthesized as described 
llyj, was also included in the lipid mixture This construct 
provides a -250 A PLG spacer between the folate and the 
surlier allowing formation of what we term tuhiic- 



i'l. AJ hj.^vHi.. . i - lipkh v.eie lined m.dci icdiu ed pit. smuc 
(u a thin linn ,md then iclndt.iied overnight in t) 5 ,:A ..it 
ohc-oiim W itulr at iiig nij dissolved in phosphate bultered 
saline (PUS, i^M mM NaG!/2.08 mM Ktl'h.l mM 
N.iTIPO.'l i: ;;A1 KlhPO;, pli 7 4;. After hi cydes ol 
iiee/uu 1 :md tn.ivvmg (he liposome suspension was c>trfded 
111 times linom a uiti-nm pulvcarbonalc memhraiiL (Nu, ko- 
pore. IV.tsmr '-.ii, ^ A;. Hie liposome encapsulated ubgonu 
' h ulules were Ihui .cparatcd from tree oligonucleotides on a 
1.5 em > 20 cm Sepharose CI. IB column (Pharmacia) 
preeqmhht ate d with PBS. The liposome fractions eluted m the 
void volume and weie stored at 1 C until use (within 2 *eeks). 
LncapMiiaiion e ! i'u icncies ol 30 were routinely achieved. 

Uptake ul hipo^ome-Eneapsulated Anliseiise Oligonucleo- 
tides by Cultured Kii Cells. Kb cells grown to 2.5 * lU" cells 
per di.sh in .b-nifii culture dishes ( confluent) were 

incubated with 1 ml ut either tree or Uposome-encapsulated 
S-MuoreNCcin-laheled oligonucleotide (2 ^M final coi.centra- 
Uon) tor 4 hr at 3 V'C. The .eth were washed four times with 
2 ml of PUS and dissolved in 2 ml of \% Triton X-liK). The 
amount o! cell associated fluorescence was then measured on 
a Perkiii i irner MPF-44A f lu.irtscence spectrophotometer. 
These dai a wcie then used to calculate the number of antisense 
molecules by using a Mandaiu plot of fluorescence versus 
fluorescem-Al-Gi-K2 concentration. Competition between 
the lotate-denvuii/ed liposomes and tree folate tor celhsurtace 
receptors was examined by including 1 mM tohe acid m the 
incubation mLxtute 

Intracellular Distribution of Folate-PfcXi-Liposome- 
Kneapsulated (Higonucleotide-*. To determine the intracellu- 
lar distribution of cell-associated oligonucleotides, KB cells 
were incubated lor 4 hr at 37X with I ml of 2 totate- 
P1:G liposome -encapsulated i luoreseein-ALGl- K2, At this 
point, the cells were examined either immediately or alter 
20 h/ turther incubation using a MRC-600 confocal imaging 
system (bio Rad) attached to a Nikon Optiphot epifluoies- 
cence mieroscone Images of the cells were collected under the 
photon counting mode with a > hO objective using the 4«S-nm 
line o! I. krypton'/aigon mixed gas laser as the excitation souice 
and were processed on a Macintosh lis! computet using the 
public domain National institutes of Health image program 
(Mitten ny Wayne Rasband at the National Institutes ol 
Health and available from die Internet by anonymous ftp from 
zipp*' mmh.nih or on floppy disk from the National 'lech- 
mial Inlorina-.i.'iii Service, ^2h^ Port Royal Rd... Springfield. 
VA 22161, part number PUV3 30486«) and piinted on a 
Codomcs NP h)00 photographic network sublimation punier 
Klfect of Lijiu.s.tine-Kucapsulated Antisense Oligonucleo- 
tides on KH tVII Proliferation. To determine the efhvt ot 
anti-LGi R oiigonucieoiides on cell growth, KB cells m 3^- mm 
cuitmc dishes were treated at 37 C lor 4 hr with 1 ml ot either 
free or t o ! a t e - i ' f \ G-l i poso me -e n ca ps u 1 ate d oligonucleotide at 
3 /aM final iioncentration m culture meO;um/A0 r ( heat- 
inactivaieil ieud call scrum. The cells were then washeO once 
with i ml of I'HS to remove unbound liposomes ant! in:ubated 
n t tie.sh mediii'ii t«T a further 4K lit . At this pt.unl, (he celh were 
washed a>-ain witli PBS, solubih/ed in V/c Irilon \-l0o, and 
Muanon.d v. ill the BCA protein assa>. The depen.deorc ol 
Jiowi h iiihibii!-»ii on antisense concentration wa> Jeleriiimcd 
b> uang the same protocol, except that oligonucleotides 
conccnu^iuns *cre varied 'lo determine the long term el- 
tects anuse:i:e oligtmucleniide treatment on cell growth, the 
eeh,. were tic.m.d ..i'a conl luenry .1 3i}' v. and then transferred 
U> tfesli medics for up to 10 da>s while the clIIuLu protein 
content was meaotored with the BCA protein assa>. 

Kvaluation of K*iKR Expression by Indirect Jnununofluo- 
rescenee. 1 ne el led of fcGFK antisense oligonucleotides on 
f(d K exprc-ston was examined by indirect immunof luoi es- 
o-tve with r,- monoclonal antibody against the human 
f , j p ; j ■ , , Kh - ■ !h were tieateJ for \ hr v 'h \ m! ol 1 M 
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Uee or tulatc-l^G -liposome -encapsulated oligonucleotides 
and then incubated lor a tin ther 24 hr in fresh culture medium 
1 lie cells were cliilicd to 4 J C lor 30 min, fixed in 3% p~ 
luimaldehwlc, and pci meabnized with i mi of i)A% Tnion 
X-HK) tor 5 mm. Aftei incubation with 1 ml of anti-EGFR at 
2u ^-nil in blocking buffer ^0.2% bovine serum albumin/ 
FBS, pi I 7.4) at 4"C tor i hr, the ceils were washed once with 
PBS and then .similarly incubated with 1 ml of fluoresccm- 
labclcd ^oat anti-mouse IgG at 10 Mg/ ml Tnc Cc{li > wcrc 
washed five times with 1 ml of PBS and then examined under 
an Olympus BH-2 fluorescence microscope and photographed 
undci' both the fluorescence and phase-contrast modes. 

RESULTS 

Uptake of Free ami Encapsulated Oligonucleotides by Cul- 
tured KB Cells. Cellular uptake of the various oligonucleotide 
formulations is illustrated in Fig. 1. After incubation at 37°C 
for 4 hr, uptake of the free 5'-labeled phosphodiester species, 
f luorescein~AEGFR2, was barely detectable (bar a), whereas 
13 < 10 h molecules of the free exonuclease-resistant analog 
(fluoresceiii-AfcGFl^S, bearing the 5' and 3' phosphorothio- 
ate linkages) weie internalized by tne KB cells under similar 
conditions ( bar b). The uptake of oligonucleotides was greatly 
enhanced by liposome encapsulation and folate targeting. 
Approximately 2. i x 10 7 molecules of folate-PEG-liposome- 
encapsulated 'f luorescein~AEGFR2 entered each celt, an 
amount exceeding uptake of the free fluorescein-AEGFR2S 
by * lb-fold (bar d). The cellular uptake of fluorescein- 
AEGFR2 was also enhanced by encapsulation in nontargeted 
liposomes (bar c), presumably due to the protective effect of 
the liposomal membrane against nuclease digestion. Still, the 
level of uptake was only one-ninth of that for the folate- 
targeteel oligonucleotides. The uptake of folate-PEG- 
liposome-encapsulatcd oligonucleotides could be competi- 
tively inhibited by 1 mM free folic acid, indicating the cellular 
delivery is mediated by lolate receptors (bar e). 

intracellular Distribution of Folate-PEG-Liposome- 
Eucapsulated Oligonucleotides. The intracellular distribution 
of fiuoresccin-labeled folate-PEG-liposome-encapsulated 
antisense oligonucleotides was examined by confocal fluores- 
cence microscopy. After 4 -hi incubation at 37°C, oligonucle- 
otides were distributed primarily on the cell surface and within 
endocytic vesicles (data not shown). However, by 24-hr incu- 




i-'io i. Uptake ol fiec and lipi^ume-encapsulated EGFR anti- 
sense oligonucleotides by KB cells. KB cells were treated with tree 
flunresecm-AEGFR2 (bar a), tree tluorescein-AEGFR2S (bar b), 
fluorescein- AEGFR2 encapsulated in nuntargeted liposomes (bar c), 
t luoresccin-AEGFR2 encapsulated in tolate-PEG-liposomcs (bar d J, 
ur t'Uorescein-AEGl-IU encapsulated in folate-PEG-liposomcs in 
the presence of 1 mM tree loiate (bar e). The number of cell-associated 
antisense m» .dot uies v. ^ dc ic i nunc J by tiuomnclry a-s described Enm 
bars indicates i SD (n - 1 ~) 



lotion .>7 C the t iiiorescv. m ;J>cicd oln< 'iua !c< >' io ■-■ -wi. 
ubserved '!a,»u.;!i -ut the CYlo-ol. with some enrichment in the 
nucleus. The kinetics of these uptake event 1 correspond- 
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Effect of lap ;si'iiu -I' ncapsulated Oli^omu Irotide^ on KB 
Cell iVoitui uOtni. lire growth and morphology ot KB ceil-, 
treated with \ o • . oligonucleotide formulations wete exam- 
ined under the ph ise-contrast microscope, Fig. 'I Lower dis- 
plays KB ceils that were grown for 48 hr in trrsh medium alter 
4-hr exposure to antisense oligonucleotides. KH cells ireated 
with tolatc-PEG-lipo^me-encapsulatcd AEGFR2 (data not 
shownl or Al-Cl K2S (Lower Left) developed a fibrobiasMike 
morphology with a much lowei cell density than observed toi 
the untreated controls However, ceils treated with fiee AE- 
GFR2 or AEOFK2S (data not shown) remained similar in 
appearance to he untreated cells (Lower Right). As shown in 
Fig. 3, treatment of KB cells with folate-PEG-liposome- 
encapsulated AEGFR2 resulted in an -90% reduction in 
proliferation compared with untreated cells, whereas free 
AEGFR2 had almost no effect on growth inhibition Folate - 
PbCi-liposiime-encapsuiated ABGFR2S, the more nuclease - 
icsistant oligonucleotide, showed roughly the same efficacy 
(V: L ( inhibition) a> the foIate-PFG-iiposomc -entrapped un- 
modified oligonucleotide, whereas free AEGFR2S caused a 
15% growth inhibition AEGFR2 encapsulated in nontargeted 
liposomes (lacking folate) also inhibited growth but was only 
~20% as effective Oligonucleotide-free folate-PEG-liposomes 
had virtually no growth inhibitory effect. Finally, to demon- 
Mraie the sequence specificity of these effects, two control 
foiate-PEG-hposome-encapsulatcd oligonucleotides (RC15 
and EACM) were also delivered into KH cells, but both 
oligonucleotides showed very little growtli inhibitory potency 
To evaluate the long-term effect of antisense delivery on KB 
cell proliferation, KB cells were treated for 4 hr with antisense 
oligonucleotides and then transferred to fresh medium for up 
to 1U days. Fig 4 shows that maximal growth inhibition by 
toiate-FEG-iiposonie-cncapsulatcd AEGFK2 or AEGFR2S 
occurred during the first 4 days after treatment, and then the 
cellular growth rate returned to normal. The duration of 
growth inhibition by encapsulated AEGFR2S was slightly 
greater than AEG1R2, but otherwise no difference was seen. 




bio. 2 Effect of free and folate -PEG- liposomal antisense to the 
LGFK nn receptor expies&iun and cell morphology. (Upper) Indirect 
inimunot himcscenee staining of KH cells with a monoclonal lgG to the 
FGl-K (i.o*er) I* ha.se -con trust images of same cells (Left) Kb cells 
titrated with Ah 1 - »I K2^> encapsulated in lolate-PbX .-liposomes as 
described (rt^/i// Untreated KB ceils Cells treated with either tree 
anosei-.c . n^tro, rs or KCl^ and I AC M encapsulated in foiate- 
j'} ; j ; = | p. in"-- f or j : shraisvcl'. 1 if" suits h > (lie unhealed eel Is 
idata not iluiVMii 
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Ho. 3. Grow th inhibition by EGFR antisense oligonucleotides. KH 
cells *eic treated wnli folatc-PEG-liposome-encapsulated AEGI : R2 
. ; h:u ,o. h'--<- AEG1 R2 (bar b). folate PEG-liposome-encapsulated 
AEG1R2S (bar c), tree AEGFK2S (bar d), nontargcted liposome- 
encapuilated AbGER2 (bar c\, empty foldie-PEG-hposome (bar f) t 
folate -PfcG h P o.some-cncap.suEued KC15 (bar g), or folate-PEG- 
tipuM.me-cncap.sul.itcd LA CM (bar h), as described. Growth inhibi- 
tion was calculated from the equation: % inhibition ^ [(^im«i° " 

untreated cells alter 4M-hr incubatiun, P t \ M \ is the same value fur 
annsense-trcated cells, and /\i is Lhe protein content of the cells directly 
bctore antisense treatment— i.e., at time 0. The error bars indicate 1 

SI J [n - 2). 

f ree AEGFR2S was almost ineffective, and treatment with 
tree AHGFR2 exerted no effect at all (data not shown). 

Fig 5 shows thai folate-EElG-tiposome-encapsulated 
AEG1R2S caused a cuneenlration-dependent decrease in KJ1 
cell growth, whereas tree AEGFR2S and the t'olate-PEC- 
hposome -encapsulated control oligonucleotides (RC15 and 
EACM) again showed lower efficacies. 

Eitect of EuluU-PEG-Liposome-AEGFRl on EGFR Ex- 
pression, The expression ot EGFR by KB cells in the presence 
or absence ot tolatc-PEG-liposome-encapsulatcd antisense 
oligonucleotides was analyzed by indirect immunofluores- 
cence 24 hr alter incubation with the encapsulated antisense 
oligonucleotides As shown in Fig. 2 Upper, cells treated with 
the lolate-PEG-- hposome-enenpsulated antisense oligonucle- 
otides displayed virtually no EGFR expression; in contrast, 
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1 iu. •) Eor^leon giowlh inhibitory effect of FGER unliseu.se 
un^onuLk-otidcs. KH cJils wcie either treated for 4 hr with 3 ot 
AEwl K2 cncap>uiatcd in tolalc-PEG-hposomcs (C), AEGER2S 
encapsulated m lul.ite PEG- liposomes (•), tree AEGFR2S (■), or 
luiuined untie .ned d .j desci ibed. Each data point represents the 
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He 5. i- 1 1 it! ^-nucleotide concentration en Kli cell giowih. 
Cells were plated in mm dishes, grown lu *-E0 10" cells per dish, 
and then 1 1 rated f>»r 4 hr with various concentrations of AEGER2S 
cnelpiuluici! m !oEitc-PEG-!ip<.M.nu~> <«i, free AEGEK2M E ;}, 
RCls enc.psuUt.. d ... folute-PEC liposomes (■;, or 1 ACM encap- 
sulated in luhde-PLG-hpusomcs ([.;), and assayed tor protein cunienl 
As in l.itci Eruji Kus indicate 1 SI ) in = 2 J 

untreated cultures revealed a high distribution o! EGFR 
throughout the cell The free antisense constructs and two 
control oligonucleotides entrapped in folate- PEG -liposomes 
gave qualitatively similar results to the untreated cells (data 
not shovsn)- 

DISCUSSION 

We have complied the cellular uptake of free antisense 
oligonucleotides with the same antisense constructs encapsu- 
lated m nontaigetcd and folate receptor-targeted liposomes. 
The latter liposome formulation was found to promote mter- 
luili/a'.ion til rune tunes more oligonucleotide than its nontar- 
gnod counterpart and 16 times more than the Iree oligonu- 
cleotide, hecanse the iunctional assay— i.e., mh.bUion ol .ell 
L-rowth. suppression of EGFR expression, and induction ot 
fibroblast morphology (20)— also reflected the same relative 
potencies, we conclude that the tolaie-EEC - liposome anti- 
sense is dc live! cd tntracelluiarly in functional iy active form. 
Importantly, tn^ conclusion agiees with previous data ( EE 1°), 
show mg I hat folate endocytosis does not culminate in lysnsome 
deposition but rather leads to nondestructive release of much 
ot the internalized material into the cytosol 

Eiquiwuiun of .jrowih .stimuli tor several da>s can otten 
induce a cell m undergo apophysis UpJorlunateb our antt- 
;,cnsc-mediatco suppression of hGER expression inhibited cell 
nroliteration to: only 4 days. Although the reason for this 
transient eticct was not investigated, several possible expia- 
:„it:ui^ aie w "th considering (/) Other growth stimuli may 
i.avc mjimamed the Kli cells m a. quiescent state until the 
huti-viw ohg. ■:uk iL-oudes could be degraded (ti ) 1 be KH cells 
V,, cd m nut si,, lie, may nave been Incapable .d apoptuMs. !m! 
I he lew: ol I'd K suppression .ichicvable with our ant'sciisc 
^instruct ma> have been inadequate to induce the suicide 
icsponsc. 

because < jf Hie -iisilivitv "t native pfHtsphudicMcr I>NA to 
node. res sigr.dic.ml effort has been devoted to developing 
moo- >i,u,[cV L'onucleuiidc backbone chen.iM::es (S ■"• ) In 
oui Mud>, ho^cvu. lolate IM-Xi - liposome-encapsuiated phos- 
phodiesi'er and phosphorothioatc uligonucleoiides showed .es- 
sentially identical potencies up to 4 days after treatment (Figs. 
3 and 4) The^e similar inhibitory potencies mav ha\c arisen 
,i <s .- • ..|:- , ,t escape ol the antisense oiigonucieolule 



uuicotide Jct'i.uLilu ii Although discovery ol uictli> ipii"v 
phtmalo, phosphoiotiikjjte.v and protein-nucleic acid c^n- 
Muict* have calls unproved antisense stability, prohlcins 
vuth cytotoxicity, enantiomeric purity, and cost have prompted 
icNcaieher.s to continue then .search fur the ideal backbone 
chemntry. Obviously, a single sludy should not be extrapolated 
to .tppiy to ail .uuiscnsc research, but if differences between 
targeted liposomal toi mutations of chemically different ohgo- 
nueieotides continue to prove negligible, then the emphaMs m 
t ,uUsense research ma> niore appropriately be focu.sed on 
delivery instead of stability 

( JverexpresMOn of the KGFR has been observed in a vai icty 
oi human cancers and may be related to cell transformation 
27). Recent studies also show that many cancers ovc rex- 
press a high affinity ieceptor for folic acid on their cell surfaces 
(2N-33). Although 'the conjugation of folic acid to an antisense 
oligonucleotide should permit its cell-specitic targeting, we 
teed the folate -PPG-liposome formulation offers several ad 
vantages not shared by the isolated oligonucleotide. (0 As 
nuted above, the protection provided by the liposomal mem- 
hi.iue iiiav obviate the need for unnatural backbone chemis- 
tries, (u) because ol its ear lying capacity, the targeted lipo- 
iwine can deliver multiple anlisense constructs at each reeeptoi 
oj reeeptoi cluster thereby enhancing the quantity of anti- 
sense delivered, {iti) The liposome should retard loss or the 
antisense through the kidneys and avoid rapid degradation b\ 
extracellular nucleases, (iv) Because of its potential for mul- 
tiple attachments to adjacent receptors, folate -HfcG- 
liposomes can avoid significant competition from endogenous 
folates (1H, 19). Although other means of liposome targeting 
are also possible, lolate represents an attractive candidate 
because the hgand is inexpensive, compatible with either 
organic or aqueous solvents, easy to conjugate to PHG and 
other liposome tethers, and relatively specific for many human 
tumors. 
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